Abstract Patients with diffuse intrinsic pontine glioma (DIPG) face a grim prognosis with limited treatment options. Many patients will enroll on investigational trials though the role of chemotherapy or immunotherapy is unclear. Radiographic changes on conventional MRI are used to evaluate tumor response and progression, but are not predictive of outcome in these patients. More sensitive measures of tumor biology are needed to improve patient management. We evaluated changes in magnetic resonance spectroscopy (MRS) biomarkers in patients with DIPG. Thirty-eight patients were enrolled prospectively on an IRB-approved protocol, which included standard MRI, single voxel spectroscopy (SVS) and multi-slice multivoxel spectroscopy (MRSI). Scans were performed at multiple time points during each patient's clinical course, with a total of 142 scans. The prognostic values of Choline:N-acetylaspartate (Cho:NAA), Cho:Creatine (Cho:Cr) and the presence of lactate and lipids (?Lac/Lip) were evaluated. Cho:NAA and variance in Cho:NAA values among different voxels within a tumor were each predictive of shorter survival. This prospective study shows that MRS can be used to identify high-risk patients and monitor changes in tumor metabolism, which may reflect changes in tumor behavior.
Introduction
Diffuse intrinsic pontine glioma (DIPG) remains one of the most challenging solid tumors to treat in children. The incidence of these tumors is rare, with an estimated 300 children diagnosed in the United States each year [1] . Age of onset is most commonly 5-9 years, though cases may occur from infancy to adulthood [2] [3] [4] [5] . Median survival for children with DIPG is less than 1 year and has remained unchanged in the past three decades [6] . The infiltrative nature and location of DIPG precludes surgical intervention. Patients are diagnosed and followed using conventional magnetic resonance imaging (MRI), though imaging characteristics, including tumor size, tumor extent, necrosis and encapsulation of the basilar artery, are not prognostic and have limited utility in evaluating response to treatment [7] [8] [9] . Radiation therapy is the standard treatment, providing transient palliation of neurological symptoms in 75-85% of patients [6, 10, 11] . Chemotherapeutic agents have made no improvement in patient outcome to date, and many children enroll on investigational trials [6, [12] [13] [14] [15] [16] [17] [18] . To improve treatment of patients with DIPG, a better understanding of tumor biology is needed. Biopsy of the brainstem remains controversial, and is typically only performed to confirm diagnosis in patients with an atypical presentation [16, 19, 20] . Tissue analysis is therefore limited largely to specimens collected post-mortem from a small number of patients [21] [22] [23] . Histological grading of biopsy tissue varies; however, the majority of autopsy cases are high-grade [24] . The pathophysiology of DIPG is poorly understood, and a comprehensive understanding of tumor behavior over the disease course is lacking.
Metabolic imaging techniques such as positron emission tomography (PET) and magnetic resonance spectroscopy (MRS) provide an in vivo analysis of the functional behavior of tumors and surrounding tissues. MRS is noninvasive and allows repeated measurements of multiple metabolites. The concentrations of tissue metabolites reflect physiologic changes in the tumor environment. In pediatric CNS tumors, changes in MRS metabolic markers are predictive of tumor grade [25, 26] , tumor progression [27] and overall patient survival [28, 29] in a limited number of studies. Retrospective analyses of MRS in a small number of patients with DIPG have identified metabolic changes prior to disease progression [30] [31] [32] . The purpose of our study was to monitor changes in tumor metabolism in patients with DIPG using two MRS techniques-single voxel and multi-slice multi-voxel spectroscopy-and to evaluate the relationship between MRS biomarkers and survival.
Materials and methods

Patients
Patients (\21 years) were referred to our institution for evaluation of a newly diagnosed, refractory or progressive DIPG. Each patient's diagnosis was confirmed using stringent criteria specific to DIPG: (1) clinical symptoms at diagnosis, including cranial nerve deficits, long tract signs or ataxia and (2) radiographic findings of a lesion centered in the pons with diffuse signal hyperintensity involving [50% of the pons on a T2-weighted sequence. Patients with primarily exophytic tumors were excluded. Prior or current treatment, including radiation therapy, was not an exclusion criterion. Patients' legal guardians were consented for a protocol approved by the National Cancer Institute's Institutional Review Board.
Imaging
Patients were monitored with standard and advanced MRI techniques using a Signa HDx 1.5T scanner (GE Medical Systems, Milwaukee WI) with a standard quadrature head coil. MRI studies were performed according to this imaging protocol and as clinically indicated. MRI sequences included pre-and post-contrast T1-weighted spin echo (TR/TE = 450/13 ms, FOV = 22 9 22 cm, matrix = 256 9 192, 50 slices, slice thickness = 3 mm, no gap), T2-weighted fast spin echo (TR/TE = 3400/95 ms, FOV = 22 9 22 cm, matrix = 256 9 192, 53 slices, slice thickness = 3 mm, no gap) and fluid attenuated inversion recovery (FLAIR; TR/TE/TI = 10,000/140/2200 ms, FOV = 22 9 22 cm, matrix = 256 9 192, 53 slices, slice thickness = 3 mm, no gap). Contrast enhanced images were acquired after MRS.
Single voxel spectroscopy (SVS) was obtained using a point-resolved spectroscopic sequence (PROBE-P, GE Medical Systems) with automated shimming and water suppression (TR/TE = 1500/144 or 270 ms, FOV = 22 9 22 cm, averages = 128, slice thickness = 15 or 20 mm). Voxels were prescribed graphically on a pre-contrast axial T2-weighted image and centered on the lesion, posterior to the basilar artery while avoiding areas of CSF, bone, and subcutaneous fat. Voxel size varied according to the size of the tumor, with a minimum size of 3 cm 3 . Acquisition time was approximately 3.5 min.
Multi-slice magnetic resonance spectroscopic imaging (MRSI) was used to collect data from multiple voxels simultaneously. MRSI slices were positioned at the same locations as a T1-weighted axial oblique localizer sequence (TR/TE = 50/ 3.5 ms, FOV = 24 9 24 cm, matrix = 256 9 160, slice thickness = 15 mm, slice space = 3.5 mm). Slices were aligned such that the center of one slice included the maximum tumor diameter within the pons. Parallel slices were obtained to evaluate parts of the tumor extending above or below the pons. MRSI acquisition used a slice-selective spin echo sequence (TR/TE = 2300/280 ms, FOV = 24 9 24 cm, matrix = 32 9 32, 4 slices, slice thickness = 15 mm, slice spacing = 3 mm) with a chemical shift selective (CHESS) water suppression pulse and octagonal outer volume saturation (OVS) to suppress lipid signals from the scalp and skull [33] . OVS bands were placed closer together in the inferior MRSI slices to reduce lipid contamination in the posterior fossa [34] . A 32 9 32 array of spectra from voxels, each with a nominal volume of 0.84 cm 3 (7.5 mm 9 7.5 mm 9 15 mm) was obtained for each of the four MRSI slices [33] . Acquisition was approximately 25 min.
Data processing and analysis SVS data were reconstructed using the automated PROBE/ SVQ processing routine (GE Medical Systems) with frequency offsets for water-suppressed data and Marquardt curve fitting to determine peak amplitudes for major metabolites within the spectrum including N-acetyl-aspartate (NAA, 2.01 ppm), Choline (Cho, 3.20 ppm) and Creatine (Cr, 3.03 ppm). Peak amplitudes were used to calculate Cho:NAA and Cho:Cr ratios. For each SVS study, we also noted the presence or absence of lactate and lipids (Lac/Lip), defined by prominent peaks (signal:noise [ 3:1) between 1.3 and 1.4 ppm.
Raw MRSI data were transferred to a Linux workstation for processing using a customized software package developed in IDL (ITT Visual Information Solutions, Boulder CO) [35] . Software provided automated selection of major metabolite peaks within each spectrum and generated signal intensity maps for NAA, Cho and Cr. Precontrast FLAIR images were imported and registered to MRSI slices using the orientation and location information from the image headers. Regions of interest (ROIs) were manually drawn on FLAIR images corresponding to the MRSI slice with the maximum tumor diameter in the pons. ROIs included all voxels within the FLAIR signal abnormality. Selected ROIs were simultaneously applied to metabolite signal intensity maps. Voxels outside the ROI were masked and excluded from further evaluation. ROI voxels with water or lipid contamination were nulled and excluded. All remaining ROI spectra were evaluated using automated quality control criteria as previously described [35] . Relative metabolite concentrations were reported as the integral of the area under the signal intensity peak for NAA, Cho, and Cr. Results for accepted ROI voxels were expressed as Cho:NAA and Cho:Cr ratios. A ''worst voxel'' analysis was applied to determine maximum Cho:NAA and maximum Cho:Cr for each study as previously described [28] . We evaluated tumor heterogeneity using the variance in Cho:NAA and Cho:Cr values within each MRSI region of interest.
Statistical analysis
Because we wanted to evaluate the prognostic significance of MRS at any time point in the disease course and MRS was not obtained at diagnosis for the majority of our patients due to the typical timing of patient referrals to our institution, the relationship between MRS measures and patient outcome was calculated as the length of time from the date of the MRS study to the date of death or last follow-up. Survival distributions using the median of each MRS measure ([ or Bmedian) were estimated using the Kaplan-Meier method and compared using a log-rank test. We used univariate Cox proportional hazards models to estimate the predictive effect of each SVS and MRSI measure on patient survival [36] . Variables used in the analysis included Cho:NAA, Cho:Cr and presence or absence of Lac/Lip for SVS, and the maximum and variance of Cho:NAA and Cho:Cr for MRSI. Two types of analyses were performed using these models: (1) risk of death associated with each variable at the first imaging time point and (2) risk of death associated with changes in each variable from one time point to the next using followup data. For the second analysis, time-dependent covariates were incorporated in the Cox proportional hazards model to evaluate whether a change in a given MRS variable at follow-up increased a patient's risk of death [36] . Risk was expressed as a hazard ratio (HR) and represented the risk of mortality per one unit change for each MRS variable. HR [ 1 corresponded to increased risk of death (i.e., shorter survival). Overall survival (OS) was also reported and defined as the length of time from the date of diagnosis to the date of death or last follow-up. OS for the patient cohort was calculated using the Kaplan-Meier method. P-values of \ 0.05 were considered statistically significant for all analyses. Data were analyzed using the statistical computing package, R (http://www.r-project.org/).
Results
Patients
Thirty-eight patients were included in this study. Clinical characteristics are summarized in Table 1 . Thirty-six patients received radiation therapy prior to referral to our institution for study enrollment. Two patients were radiation-naïve because their families declined radiation therapy. The majority of patients (n = 36) received therapy over the course of this study through concurrent enrollment in a variety of investigational trials of chemotherapeutic or biologic agents. At the time of last follow-up, 27 patients had died of disease and 9 patients remained on study.
Median overall survival for the entire cohort was 14.8 months (Fig. 1 ). Six patients (median age = 6.8 year, range = 2.6-14.1 year), had an overall survival (OS) [24 months. None of these patients underwent biopsy. These long-term survivors did not differ in presentation, age or treatment from patients with a typical disease course (OS \ 24 months), with the exception of one patient whose initial MRI scan and clinical presentation was atypical, and the family chose to delay radiation until the child's clinical status worsened. In that case, radiation therapy began 1559 days (over 51 months) after initial suspected diagnosis as the clinical and radiographic characteristics were more typical of DIPG.
Imaging studies
One hundred forty two scans with MRS were obtained over the course of this study. The first imaging studies were performed a median of 4.3 months after initial diagnosis (range = 2.0-58.6 months). Scans were performed following radiation therapy (RT) for patients who received it (median = 1.8 months post RT). Follow-up scans were obtained in 74% of patients (n = 28), with a median of 4 scans per patient. Median duration of follow-up was 7.1 months (range = 1.6-61.6 months), with a median interval of 8 weeks between scans (range = 1-57 weeks).
MRS analysis
SVS studies were obtained in all 38 patients. SVS volumes ranged from 3.4 to 20.7 cm 3 (median = 9.0 cm 3 ). Lac/Lip was identified in 45% (n = 17) of the first SVS scans, and 39% (n = 56) of all SVS spectra. SVS Cho:NAA and
MRSI was obtained in 36 patients (95%). ROIs for MRSI studies included 4-28 voxels (median = 12 voxels), with 10-100% voxel acceptance (median = 80%). Maximum Cho:NAA and maximum Cho:Cr from MRSI ranged from 0.7-7.8 (median = 2.1) and 1.3-4.9 (median = 2.5), respectively. We evaluated the range in MRSI Cho:NAA and Cho:Cr values for each ROI. We observed less variance in Cho:Cr values (median variance = 0.08) compared to Cho:NAA values (median variance = 0.20) within the same ROIs. The maximum Cho:NAA and variance of values were highly correlated (r = 0.97). As the maximum Cho:NAA increased, the variance of Cho:NAA values throughout the ROI also increased.
Survival analyses
Results for the survival analyses using the univariate Cox proportional hazards model are presented in Table 2 . The analysis of the MRS measures from the first imaging study found that SVS Cho:NAA was the only variable predictive of patient survival (P = 0.03). Patients with higher SVS Cho:NAA values at their first scan were at greater risk of mortality compared to patients with lower SVS Cho:NAA values. The relationship between presence of SVS Lac/Lip and survival reached borderline significance (P = 0.08), but SVS Cho:Cr was not significant (P = 0.20). None of the measures obtained by MRSI had a significant prognostic effect on patient survival (P [ 0.05). Kaplan-Meier estimates using the median of MRS measurements from a single time point (i.e., the first MRS scan) did not show a significant difference in patient survival (P [ 0.05). 
The time-dependent covariate analysis of follow-up SVS studies yielded similar results to the analysis of SVS variables from first scan ( Table 2) . Changes in Cho:Cr values and the presence of Lac/Lip were not predictive of patient outcome (P = 0.29 and 0.18, respectively). However, an increase in SVS Cho:NAA from one time point to the next, regardless of the Cho:NAA value at the first time point, had a significant inverse association with patient survival (P = 0.009). Patients whose SVS Cho:NAA values were increased at follow-up were at greater risk of death compared to patients with stable or decreased SVS Cho:NAA. Prognosis worsened relative to the amount of increase in SVS Cho:NAA (i.e., the larger increase in Cho:NAA, the poorer the prognosis), and decreases in SVS Cho:NAA at follow-up reduced a patient's risk of death (Table 3 ). Figure 2 illustrates the changes in SVS Cho:-NAA values for four patients over the course of the study.
We evaluated the prognostic effect of changes at followup for the maximum and variance of Cho:NAA and Cho:Cr values as determined by MRSI. Maximum and variance in Cho:Cr were not predictive of patient survival (P = 0.53 and 0.36, respectively). The risk of death associated with an increase in maximum Cho:NAA from one time point to the next reached borderline significance (P = 0.06). Increases in the variance of MRSI Cho:NAA values were associated with decreased patient survival (P = 0.03). The amount of increase was directly related to the risk of death (Table 3) . Patients whose tumors became more metabolically heterogeneous over time (i.e., greater variance in Cho:NAA values) had a markedly increased risk of death compared to patients with more stable, uniform Cho:NAA values. Figure 3 illustrates the changes in Cho:NAA variance for one patient.
Using the Cox proportional hazards models, we found that SVS Cho:NAA values obtained at any time point had a prognostic effect on patient survival. To further characterize the predictive value of SVS Cho:NAA, we evaluated the median SVS Cho:NAA from the follow-up analysis (SVS Cho:NAA = 2.1) as a potential threshold for identifying high-risk patients. Patients with SVS Cho:NAA C 2.1 had a marked increased risk of death compared to those with SVS Cho:NAA \ 2.1 (HR = 2.48, P = 0.04). The majority of patients (n = 29) had at least one scan with SVS Cho:-NAA C 2.1, and median survival was 9 months (95% CI = 7.8-12.2). A subgroup of these patients (n = 15) had SVS Cho:NAA C 2.1 for all time points (median survival = 8.7 months, 95% CI = 4.4-12.5?). Only nine patients had SVS Cho:NAA \ 2.1 for all time points. Survival was increased for these patients, with a median survival of 12.3 months (95% CI = 7.7-51.0?).
Discussion
This study shows that metabolite ratios obtained from proton spectroscopic methods in children with DIPG are prognostic. These include Cho:NAA obtained from single voxel spectroscopy and performed at any time point in the disease course, as well as changes in Cho:NAA over time.
In addition, increasing variation of Cho:NAA within tumor voxels as determined by multi-voxel spectroscopy was also indicative of a poorer outcome. The correlation of changes in Cho:NAA over time and outcome suggests that the techniques can be used to determine tumor progression or tumor response to treatment and may therefore be a potentially useful noninvasive biomarker. The evaluation of children with DIPG over their disease course is complicated due to restrictions on obtaining tumor tissue samples. MRS techniques provide unique biochemical information from tissue in vivo, and are frequently used to interrogate the metabolic behavior of adult and pediatric primary brain tumors [25-27, 37, 38] . Because of the lack of standardization, the role of proton spectroscopy in patient management has been unclear. It has been used in adult patients with supratentorial tumors to assist treatment planning, including surgical intervention, selection of biopsy targets, and evaluation of response to therapy [39, 40] . However, given the added limitations of performing spectroscopy in the posterior fossa and the predominantly poor prognosis of these patients, the clinical utility of MRS for patients with DIPG is still undefined. Having objective noninvasive measures for prognosis, progression and response represent key advances in the management of these patients.
It is difficult to define tumor progression in children with DIPG using standard WHO criteria with two-dimensional tumor measurements. Criteria for tumor progression are generally defined by both clinical symptoms and imaging characteristics. Radiographic tumor measurements are highly variable [41] , and treatment-related changes such as radiation necrosis and progressive disease are not easily distinguished using standard MRI [7, 8, [42] [43] [44] . To avoid the subjectivity associated with identifying tumor progression by tumor measurement, we used survival rather than time to progression for our analysis. Proton MRS, and in particular, Cho:NAA, can be indicative of changes in cellularity [45, 46] . Cho is a component of cell membranes, while NAA is found primarily in normal functioning neurons. Increased Cho:NAA can be associated with increased number of cells, increased cell turnover, damaged neurons or a combination. These changes may be present and identified by MRS prior to seeing anatomic changes on MRI [46, 47] .
Limitations of prior MRS studies have been the identification of defined Cho:NAA threshold values associated with overall survival and the identification of meaningful changes in Cho:NAA. Studies of children with brain tumors evaluated heterogeneous groups of patients, and included a small number of brainstem gliomas [28, 29] . One previous study of patients with DIPG explored the relationship between showing the distribution of Cho:NAA values within each ROI. a Results from the first scan on study. b Results from the second scan on study (7 weeks later). The variance in Cho:NAA was much greater in the second scan. Overall survival for Patient was 13.6 months baseline MRS data and survival in patients with DIPG using a short echo time (TE = 35 ms) SVS technique [31] . Results were not significant, but the study was limited by a small number of patients (n = 12). In our study, we identified a threshold value, Cho:NAA = 2.1, that allows stratification of patients by risk. Patients who remained below this threshold had significantly longer survival compared to patients who had at least one scan with Cho:NAA C 2.1. We were also able to show that any increase in Cho:NAA over time was significant, and the degree of change directly impacted the risk.
In adult gliomas, the association between increased Cho:NAA and increased histological grade has been established, and regional differences in Cho:NAA reflect the heterogeneous growth patterns found within the same lesion [37, 38, [48] [49] [50] [51] . Higher grade tumors may have more intratumoral heterogeneity in Cho:NAA values, with areas of the highest Cho:NAA indicating more aggressive regions of the tumor, while regions of lower Cho:NAA are found in less aggressive tumor or even normal tissue within the lesion [37, 51] . Likewise, variance of Cho:NAA values, which indicates metabolic heterogeneity, was associated with an increased risk of death in our study.
These study results should be interpreted with recognition of some limitations. Our study included six patients (16%) whose overall survival was [24 months. This represents a larger proportion of long-term survivors when compared to some studies [6] , but is comparable to other cohorts reported in the literature [31, 52] . The majority of patients were referred to our institution following radiation therapy for evaluation after disease progression. As such, MRS was not obtained at diagnosis, thereby limiting the evaluation of the effects of individual treatment regimens. Given the number of different treatment regimens, stratification according to treatment regimen or time since treatment was not possible without compromising the statistical power of the study.
Technical restrictions should also be considered. Acquisition of MRS in the brainstem is more difficult compared to supratentorial MRS studies. Proximity of air, bone, and subcutaneous fat may cause magnetic field inhomogeneity, resulting in baseline distortion, poor spectral resolution and lipid contamination [34, [53] [54] [55] [56] . SVS and MRSI was successfully obtained in the majority of our patients; however, for some MRSI cases, voxel acceptance within ROIs was \100% or relative NAA concentrations were too low to distinguish from baseline noise. As such, the maximum Cho:NAA obtained by MRSI was not necessarily representative of the highest grade or most aggressive area of the tumor. Other technical confounds included lack of registration for follow-up scans and voxel selection. MRSI and SVS regions of interest were analyzed by a single spectroscopist and matched in location as closely as possible to previous time points, using similar slice locations for each patient, but co-registration of spectroscopic data on follow-up scans was not possible. Regions of interest changed in size with tumors to ensure maximum coverage of the lesion based on the signal abnormality on MRI. For MRSI data, ROIs were selected to include areas of signal abnormality on the structural FLAIR images. Areas of necrosis, edema and blood products may have been included as these pathological conditions are difficult to distinguish from tumor on standard MRI.
Conclusion
MRS is a clinically relevant technique for evaluating patients with DIPG, identifying high-risk patients and predicting survival. Because changes in tumor metabolism, as identified by Cho:NAA and increasing metabolic heterogeneity, were prognostic, this technique can potentially be used as a surrogate marker of response or progression. While all patients with DIPG face a poor outcome, these results show that some patients are at higher risk of mortality than others. Assessment at diagnosis and continued follow-up of Cho:NAA during therapy is recommended to evaluate patient prognosis, predict changes in tumor behavior, and assess treatment response.
